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The kinetics of biomimetic mineralization at a fatty acid monolayer interface have been measured in
situ by synchrotron x-ray reflectivity. The formation of biologically relevant amorphous calcium
carbonate films is affected by soluble macromolecules, supersaturation rate of change, and Mg cations.
We find that these solution conditions influence mineral film formation in a complementary fashion.
Poly(sodium acrylate) extends the lifetime of metastable amorphous calcium carbonate, solution satura-
tion controls the mineral film growth rate, and Mg cations create a longer induction time. This is the first
quantification of potentially competitive biomineralization mechanisms that addresses nucleation and
growth of the amorphous mineral phases, which are important in biomineralization.
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Biominerals are composite materials formed by living
organisms, and they consist of codeposited ceramic and
organic assemblies which exhibit submicron architectures
and remarkable physical properties [1,2]. The modified
growth of mineral particles by organic additives is moti-
vated in large part by the appeal of potentially harnessing
the mechanisms of biomineralization to create new nano-
composites [3,4]. Biominerals’ nonequilibrium structures
are understood to be produced by their associated proteins
and polysaccharides. The crystals often form against or-
ganic surfaces, while also in the presence of soluble pro-
teins. A simplified model, for example, depicts a mineral-
ized region bounded by an insoluble fatty acid film on the
right and an aqueous phase containing biomacromolecules
on the left [Fig. 1(b), inset]. If the atom positions are jointly
bound between the mineral face and the insoluble film, the
composite is considered to be structurally templated. Both
structural templating and kinetic control are important, but
most studies to date focus on aspects of structural templat-
ing. This approach is credible. First, biomineral crystals are
often found experimentally to be aligned to an axis or face
of an organized organic assembly. Examples are c-axis
orientations of calcium carbonates in mollusks and egg-
shells, and of calcium phosphates in bone along prominent
organic planes or fibers [1,3]. Since the organic assemblies
are stabilized by their organized structures, it is natural to
look for corresponding structural features of the mineral
crystal faces. A second reason for the interest in structural
templating is the appeal from an engineering point of view.
Most biological minerals have rich phase equilibria in
aqueous solutions, which are drastically affected by the
mixtures of biomolecules and cations present in living
organisms. Rather than ‘‘solving’’ the problem of mineral
stability in such multicomponent mixtures, it would be
desirable simply to synthesize an appropriate structural
template to dictate crystal formation.

However, experimental data from some model systems
have not supported the templating concept. For example, it
is still widely quoted that fatty acid monolayers on a liquid
surface can exert sufficient control over calcium carbonate
mineralization to select the vaterite polytype and to orient
the a-b face against the monolayer [5]. But in-situ syn-
chrotron grazing-incidence diffraction failed to identify
oriented mineral crystals [6], while time-resolved reflec-
tivity measurements proved that the calcite and vaterite
polytypes of CaCO3 could be kinetically selected against
fatty acid monolayers with identical structures [7].

FIG. 1. Representative data from monolayer prepared on
80 �g=ml PAA in subphase. (a) Full RF-normalized reflectivity
data set from sample mineralized for 7.3 hours. (b) Comparison
of real-space model profiles for 7.3 and 1.5 hours mineralization.
Scheme shows proposed ACC formation process as discussed in
the text. (c) Raw reflectivity data time series (symbols), with RF
for comparison (solid line). (d) Selected data from (c) normal-
ized by RF.

PRL 97, 045503 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
28 JULY 2006

0031-9007=06=97(4)=045503(4) 045503-1 © 2006 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.97.045503


Kinetics, then, is of critical importance for biomimetic
mineralization. Unfortunately, time-resolved experimental
methods have their own limitations. Atomic force micros-
copy (AFM) has enabled great strides in determining how
growth modifiers like aspartic acid [8] and Mg [9] affect
calcite minerals at the atomic scale. But the experiments
require flat crystal faces, and give little insight into bio-
logically important amorphous mineral forms. Conversely,
x-ray scattering experiments by our group and others [10]
have found that the crystallization of CaCO3 often pro-
ceeds too quickly for the details to be delineated.

Our approach to the open questions in biomineral ki-
netics is to focus on amorphous mineral phases.
Amorphous calcium carbonate (ACC) is metastable under
ambient conditions, but some organisms stabilize this
phase in their shells, or take advantage of its malleability
to conduct mineral to subcellular compartments, within
which it can subsequently crystallize [11]. We have pre-
viously shown that polyanionic additives not only stabilize
ACC, but maintain sufficient hydration levels to impart the
amorphous phase with fluidic character [12]. This has a
pronounced impact on the morphologies produced, since
the liquid-phase mineral precursor can be molded, ex-
truded in fibers, and infiltrated into organic matrices by
capillary forces [13]. In this Letter, we present time-
resolved x-ray reflectivity measurements of ACC films
formed at fatty acid monolayers in a Langmuir trough, in
which solution conditions can be studied systematically.
We can detect films as thin as 30 Å and determine their
electron densities reliably.

Up to now, proteins, polymers, and Mg2� cations have
been referred to interchangeably as ‘‘inhibitors,’’ implying
that they promote ACC formation simply by inhibiting the
nucleation or growth of calcite. In this Letter, for the first
time, we show that these kinetic control parameters for
ACC film growth are distinct: polyanionic soluble poly-
mers affect film lifetime, saturation rate of change affects
film growth rate, and Mg2� content affects induction time.
The clear conclusion is that these additives are not inter-
changeable. Our new approach sets the stage for determin-
ing the effects of proteins and solution conditions relevant
to biomineralization.

Arachidic acid monolayers were prepared on the surface
of a saturated calcium bicarbonate subphase with the fol-
lowing additives: 25–96 �g=ml poly(acrylic acid, sodium
salt) (PAA) (molecular weight �8000), and 0–35 mM
Mg2� from MgCl2 dihydrate [14]. Teflon pans having
different depths were used in an enclosed trough. In these
preparations, escape of CO2 gas from the subphase raises
the degree of supersaturation and precipitates calcium
carbonate, according to the overall reaction: Ca2� �

2HCO3
� ! CaCO3 � H2O� CO2. Depth variation tunes

the rate of increase in supersaturation. This process creates
mineral films against a single layer of fatty acid molecules,
generated from the liquid phase underneath [Fig. 1(b),
inset]. The first mineral phase to form is amorphous,

observed as a precursor film at the fatty acid monolayer,
due to the presence of the PAA; this models the effect of
aspartate-rich biomineral-associated proteins. (Essentially
identical results are seen when using polyaspartate.) The
metastable film will eventually either crystallize or redis-
solve into solution. In the present work, solutions were
prepared with liquid depths of 2.5, 6.5, and 10.0 mm.

X-ray reflectivity was measured at the X22B Liquid
Surface Spectrometer, National Synchrotron Light
Source, using techniques published previously [14].
Helium flowing through the enclosure protects the film
from x-ray damage and maintains a low CO2 partial pres-
sure at the surface. Data were acquired at 1–2 h intervals
following compression of the monolayers. The reflectivity
is a measure of the surface-normal structure factor:
R�qz� / RF�qz�j

R
�@��z�=@z�e�iqzzdzj2, where ��z� is the

surface-normal electron density profile, and the Fresnel
function RF is a function of subphase density and absorp-
tion coefficient. Oscillations arise from interference of
x rays at the monolayer and mineral interfaces, where
@��z�=@z takes nonzero values [Fig. 1(a)]. We model
��z� analytically using a series of slabs and Gaussian
forms, which represent the film components that build up
the electron density profile [Fig. 1(b)]. The signature of
mineral film formation occurs at low qz values, just above
the critical wave vector qc � 0:022 �A�1, as shown in the
time-dependent low-qz reflectivity curves in Fig. 1(c). As
mineralization proceeds, the data become peaked at qz �
0:028 �A�1, the location of the primary oscillation arising
from the buried interface of the thick mineral-rich layer.
Because of the steep drop in reflectivity near qc, the peaked
shape of this structure factor is better illustrated by divid-
ing each data set by RF computed for the water subphase
[Fig. 1(d)].

The reflectivity near qc must be calculated using a
matrix method, which includes transmission and reflection
of x rays between finely spaced qz values in a digitized
version of the analytic model profile [14]. The essential fit
parameters are the mineral film thickness, density, and
mineral-subphase interface roughness. Absorption effects
have been excluded in the fits presented in this Letter [15].
From our model we quantify the electron density of the
mineral film (about 80% that of calcium carbonate hex-
ahydrate), and extract a time-dependent thickness for each
sample.

We find, surprisingly, that the polymer concentration
affects only the lifetime, and not the growth rate, of the
metastable mineral film. The measurements are summa-
rized in Fig. 2(a) and 2(b), which separately show samples
with higher and lower PAA concentrations. A growth rate
of 75 �A=h is shown in both panels as a guide for the eye.
This rate was determined from the 64, 80, and 96 �g=ml
PAA data sets. The thickness measurement from the re-
flectivity is limited at 300 Å by the spectrometer resolu-
tion; the longest lived films were visible to the eye as
monolithic sheets. With 96 �g=ml PAA, the lifetime of
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the film was 	 30 hours, after which it uniformly de-
creased in thickness as it dissolved back into solution.
Samples with 64 and 80 �g=ml PAA had the same rate
of growth and dissolution, but lifetimes under 10 hours.

Representative thickness data for lower PAA concentra-
tions are shown in Fig. 2(b). These films were unstable.
The 32 �g=ml data show two points consistent with
75 �A=h, but other time points showed rough films which
could not be analyzed. The 48 �g=ml data were more
stable and appear to grow more slowly than 75 �A=h, but
by translating the beam position by 1 mm for successive
measurements, we observed nonmonotonic variations in
thickness [Fig. 2(c)]. For 25 �g=ml the sample was also
simultaneously growing and dissolving in patches, able to
thicken only to 80 Å and last <9 h. Thus, the polymer
concentration cannot be used to tune the growth rate.
Instead, sufficient polymers must be present to stabilize
the film, while other factors control growth rate, as we
show next.

Since gas escape limits the growth rate for the above
system, we explored the effect of the trough depth for
constant PAA concentration. The results are shown in
Fig. 3(a) for 32 and 96 �g=ml PAA samples. When the
depth is increased to 6.5 mm, the film growth rate drops
from 75 to 20 �A=h. The 20 �A=h rate is also observed with a
further depth increase to 10.0 mm. This dependence of the
film growth rate is evocative of the ‘‘film’’ model of

diffusive transport through a stagnant boundary layer of
depth � � D=�, where D is the diffusion coefficient and �
is a mass transport coefficient. Beneath the boundary layer,
which supports a linear concentration gradient, the liquid is
presumed to be well mixed and has the bulk concentration.
Since � is typically of order 10–100 �m, it is a surprising
claim that this system behaves as though it has a 6 mm
boundary layer. However, mineral accumulates at a slow
rate consistent with CO2 diffusion over several mm. At
20 �A=h, the mineral film (at 80% of the density of crystal-
line CaCO3 
 6H2O, known from prior x-ray analysis) in-
corporates Ca at 	4� 10�13 mol Ca cm�2 sec�1. Since
one CO2 molecule per CaCO3 formula unit is required for
the reaction, CO2 transfer of at least this order is required.
Taking the effective mass transport coefficient as � �
�1:6� 10�5 cm2=s�=�0:6 cm�, and the initial CO2 concen-
tration of 0.035 M from Henry’s Law (bubbled into the
solution initially at 1 atm), one finds a transport rate of
	10�11 mol CO2 cm�2 sec�1. Diminishing this depth by a
factor of 3 increases film growth rate by about the same
factor. Thus the boundary layer can supply free carbonate
to the mineral film even if it is a few mm thick. These
observations highlight the importance of concentration
gradients for biomineralization, where submicron com-
partments and very short time scales are involved.

Finally, Mg2� is an important component in biominer-
alizing systems. Intra- and extra-cellular fluids as well as
sea water have high Mg to Ca ratios, which affect ionic
strength and the solubility curves for Ca=Mg carbonate
minerals. Mg2� has also been explored in the formation of
biomimetic amorphous calcium carbonates, both in the
presence [13,16] and absence [17,18] of polymer. Mg2�

affects the rate of calcite crystallization [19], and it has
been implicated in the induction time for ACC formation
[20]. We surveyed 10 and 35 mM Mg2� concentrations
with 32 �g=ml PAA in the 10 mm deep trough. The time
dependences in Fig. 3(b) show that the sole effect of Mg2�

is to delay the film formation. The 20 �A=h growth rate is

FIG. 3. (a) Time-dependent film thickness of 32 or 96 �g=ml
PAA samples for different trough depths. (b) Time-dependent
film thickness of 32 �g=ml PAA samples for 0, 10 mM, and
35 mM Mg2� concentrations. The 20 �A=h growth rates (�) are
four hours apart. The 20 Å thickness baseline (- - -) is a limit on
the film thickness parameter from the reflectivity fits in the
absence of a mineral film.

FIG. 2. (a), (b) Time-dependent film thicknesses for all PAA
concentrations measured. Subphase depth is 2.5 mm. Line:
75 �A=h guide for the eye. (c) Reflectivity data for a 48 �g=ml
sample while translating the beam position through 18 mm on
the nonuniform film over a 4 h period.
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observed for both 0 and 10 mM Mg2� samples, but the
latter film intercept is shifted 4 hours. With 35 mM Mg2�,
film growth was prevented for the duration of the available
synchrotron beam time. The reflectivity from this sample
was a constant fatty acid film structure. Therefore, our data
show that Mg2� does not control the rate of accumulation
of ACC.

In summary, in-situ x-ray reflectivity has distinguished
three different kinetic controls over amorphous calcium
carbonate mineralization: growth rate depending upon
counterion concentration, ACC lifetime enhanced by poly-
anionic soluble polymers, and determination by Mg2� of
an induction time for film formation. These complemen-
tary parameters are all important in biomineralization.

Acidic soluble proteins are known to stabilize amor-
phous biominerals [11]. In-situ AFM studies have shown
that aspartic acid interferes directly with growth at calcite
edge sites [8]. This physical mechanism, which retards the
crystallization of calcite, could play a role in allowing
metastable ACC to form, but in this case one would expect
macromolecule concentrations to dominate the kinetics. It
has also been proposed that macromolecules can be oc-
cluded within biominerals, and play a more chemical role
in their stability [21]. Our data appear to be compatible
with this scenario, since we show that greater PAA con-
centration extends film life and that for a given polymer
concentration, the rate of accumulation of mineral is con-
trolled by other parameters. However, our experience with
the polymer-induced liquid-precursor process, in which the
polymer drives mineralization by creating a mineral-rich
liquid phase which separates from the dilute solution, has
suggested that the polymer’s role is to sequester cations,
which can be later released at a greater rate where counter-
ions are present [12,13]. In the present experiment, the
proposed mechanism is shown in the scheme in Fig. 1(b).
Against the fatty acid monolayer, a region of amorphous
calcium carbonate forms, comparable to but more hydrated
than calcium carbonate hexahydrate. The mineral is gen-
erated from a more diffuse layer beneath it, where the PAA
(shown as black folded curve) has collected Ca2� cations.
The new phase is formed when the critical concentration of
CO2�

3 species becomes available. This is why the mineral
formation rate is not influenced by PAA concentration:
instead, the counterion is the limiting reagent, which for
this reaction chamber is determined by the gas escape rate.
The effect of Mg2� is then explained not by competition at
CaCO3 surfaces as other studies have addressed, but by
competition with Ca2� for proximity to the charged poly-
mer. Eventually, some Mg2� will exchange with Ca2�

since PAA has a greater affinity for Ca2� and Mg2� is
more strongly solvated than Ca2�. Hence, the Mg2� delays
the accumulation of a critical concentration of Ca2� in the
PAA/cation complex which supplies the mineral phase. In
biomineralization, where an organism must tune cation and
counterion concentrations precisely in both position and

time, the joint controls of acidic polypeptides and Mg2�

may cooperate in the same way. Future work will address
the relationship between these transient effects and the
crystallization process.
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In previous reports [1] we explicitly disregarded the e�ects of absorption of x-rays at the

interfaces between regions of di�ering electron density. In reality the index of refraction of

x-rays in a medium is a complex quantity: n = 1���i�, where � �= r0�
2�=(2�) is equivalent

to the electron density �, and � is the absorption term, sometimes written in the form of an

absorption length � = �=4��. Our studies describe �lms of unknown composition; though

we can presume that the mineral underlayer contains a mixture of calcium carbonate and

water, we need not know the relative proportions of the two components to �t the data with

an e�ective electron density �. The � term on the other hand strongly depends on both

the scattering species and the density. Modeling � properly requires additional parameters

for various scattering species, and furthermore each � must be scaled in a physical way

with the corresponding � values. Furthermore, these might co-vary with parameters such

as interface roughnesses in a way that makes unique �ts di�cult to obtain, since all the

structural information comes from one low-qz oscillation which is rather quickly damped.

Still, absorption is not obviously negligible at low qz for the thickest �lms, since the x-rays

enter the �lm at near-grazing angles of 0.2� and travel 10-20 �m to reach the buried interface

and return to the surface. To quantify the e�ects of absorption, we studied simpli�ed models

consiting of only one \mineral" adlayer on a \water" subphase. For water, the literature

value � = 1:25(10)�8 (� = 0:098 cm) was used to describe the subphase. For the \mineral"

layer, we combine our best-�t experimental electron density value (�M = 1:4 � �H2O) with

an absorption parameter calculated in an independent-atom algorithm available online from

the Lawrence Berkeley Laboratory Center for X-ray Optics. The value of � = 9:35(10)�8

(� = 0:013 cm) was determined from the known composition and density of crystalline

calcium carbonate hexahydrate. This is an overestimate of � since our �lms are less dense

than CaCO3 � 6H2O.
The matrix calculation is achieved by modeling the system as a series of layers of di�ering

refraction index, and writing coupled wave equations for surface-normal x-rays with their

boundary conditions across the interface between layers n and (n+ 1) [2]:

 = A exp(ikz) +B exp(�ikz) ;

and at zn,  n =  n+1 and d( n)=dz = d( n+1)=dz, so that

An exp(iknzn) +Bn exp(�iknzn) = An+1 exp(ikn+1zn) +Bn+1 exp(�ikn+1zn)

2



and

Ankn exp(iknzn)�Bnkn exp(�iknzn) = An+1kn+1 exp(ikn+1zn)�Bn+1kn+1 exp(�ikn+1zn) :

This de�nes the matrix Mn relating the coe�cients across the boundary located at zn:0@An+1
Bn+1

1A =

0@1
2

�
1 + qn

qn+1

�
exp [�i (qn � qn+1) zn=2]

1
2

�
1� qn

qn+1

�
exp [+i (qn + qn+1) zn=2]

1
2

�
1� qn

qn+1

�
exp [�i (qn + qn+1) zn=2]

1
2

�
1 + qn

qn+1

�
exp [+i (qn � qn+1) zn=2]

1A0@An
Bn

1A
where we have replaced kn with (�qn=2) to correspond to our dependent variable in the
re
ectivity, qz = �2kz. Otherwise this is equivalent to equation (6) in Ref. [2] except for a
typographical error in that reference (sign in exponent in M21;n).

The values of qn = (4�=�)nn sin �n in the refracting layers may be related to the incident

wavevector qz = (4�=�) sin(�0), with �0 the incident angle at the air interface [3]. From

Snell's Law, cos(�0) = n1 cos(�1) = n2 cos(�2) = : : : = nN cos(�N) for all interfaces. We

use nn = 1 � �n � i�n, the small-angle approximation, and the relationship between �, the

electron density �n of each layer relative to the subphase density, and the critical angle

qc =
p
2�H2O:

nn sin �n =
p
n2n (1� cos2 �n) =

p
n2n � cos2(�0) =

q
sin2(�0)� 2�n � 2i�n ;

qn = (4�=�)nn sin �n =
p
(qz)2 � �nq2c � (32�2=�2)i�n :

<fqng =
1p
2

�h�
q2z � �nq

2
c

�2
+
�
32�2�n=�

2
�2i1=2

+
�
q2z � �nq

2
c

��1=2
and

=fqng =
�1p
2

�h�
q2z � �nq

2
c

�2
+
�
32�2�n=�

2
�2i1=2 � �q2z � �nq

2
c

��1=2
:

This is equivalent to the equations between Eq.(5) and (6) in Ref. [3] except that a typo-

graphical error (missing square brackets) makes the �nal power (1/2) ambiguous in that

reference. In our previous publication, these expressions with �n � 0 were used, so that

all qn were strictly real, and the �t parameters within the computation comes from the

parameterization of �(z) as a series of �n terms.

The re
ectivity is obtained by calculating M = MNMN�1 � � �M2M1M0 for all layers

including the last, which is the subphase, from which it is assumed that no further re
ection

occurs. The re
ected intensity is the magnitude of the ratio of amplitudes incident and

re
ected from the surface, or R(qz) =
����m21

m22

��
m21

m22

����� [2{4].
3



In our investigation we computed the re
ectivity of a model �lm as described above. It

was necessary to smoothly vary the adlayer � to the value of the subphase in order to avoid

spurious re
ections from the mathematical \layers" extending beyond the �lm (i.e., beyond

the region where �(z) was modeled as varying). With mineral parameters �M = 9:35(10)�8,

�M = 1:4 � �H2O, �lm thickness 300 �A, and buried-interface roughness � = 80 �A, our

algorithm used:

�(z) < 1 : � = 0

�(z) = 1 : � = �H2O = 1:25(10)
�8

�(z) > 1 : � = �H2O +

�
�M � �H2O
�M � 1

�
(�(z)� 1)

This linear variation is a bit unphysical, but not signi�cantly so. We found that the di�er-

ence between setting � = 0 and � = �H2O was almost undetectable. In the �gure below,

we show a model Fresnel-normalized re
ectivity computed with the parameters speci�ed

above, including absorption (open circles). This data set was then �t with �M = �H2O

�xed. (This is equivalent to neglecting absorption since we found no di�erence between

calculations with �M = 0 versus �M = �H2O.) The �t curve (solid line) results in these

parameters: �M = 1:403��H2O, �lm thickness 304 �A, and buried-interface roughness � = 75:8
�A. The changes from the input values are insigni�cant, demonstrating that absorption e�ects

are not important in our study.
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